Abstract-The development of human-robot cooperation and the demand of high-precision robot control have increasingly spurred the usage of joint torque sensors. A build-in torque sensor for harmonic drive is researched in this paper, which utilizes strain gauges attached to the surface of the flexspline to measure torque. As the strain signal is significantly affected by the rotation of wave generator, positioning error of strain gauges and uneven distribution of the load torque, a new torque sensing technique with on-line torque estimation is developed to eliminate disturbance and achieve better measurement precision. Meanwhile, the dynamic strain of flexspline is obtained by finite element method, which is utilized to optimize the layout of strain gauges for lower disturbance. The proposed torque sensing technique is implemented and verified by experimental results.
I. INTRODUCTION
Harmonic drive is a type of transmission invented in the 1950s, which utilizes its elasticity to transmit force and motion, and has the advantages of light weight, compact size, high gear ratio, high torque-to-weight ratio and small backlash. Thus it is widely used in robotics, especially in light-weight robots and service robots.
With the development of human-robot cooperation, force sensing and force control are increasingly demanded in order to achieve compliant contact force and high safety, which necessitate joint torque measuring in robot systems [1] [2] [3] . Meanwhile, control strategies with joint torque feedback have been presented to deal with robot vibration and motion error caused by the inherent flexibility, dynamic error in tooth engagement and complex friction in harmonic drive, so as to achieve better trajectory tracking performance, which also spur the usage of joint torque sensor [4] [5] [6] .
The traditional joint torque sensor requires a compliant element that connects the harmonic drive and the load -robot links, and the torsion is measured by strain gauges attached to the compliant element [7] . However, the introduction of By making use of harmonic drive's elasticity, a build-in joint torque sensing technique that could avoid these defects is proposed. This technique uses the flexspline as the compliant element of torque sensor; therefore no additional mechanical component is needed, resulting in high stiffness, compact structure and light weight [8] . However, the rotation of wave generator has a significant influence on the flexspline's deformation, which is variable and depends on the angular position. Since the disturbance caused by wave generator is the major source of measurement error, eliminating this disturbance becomes the key research of the build-in torque sensor. Assuming the abovementioned disturbance to be a sinusoidal modulation, Taghirad utilized a Wheatstone bridge of four rosette strain gauges to measure the load torque, and employed Kalman filter estimation to minimize sensing inaccuracy [9] . Godler treated the disturbance as a sum of frequency components, and suggested that an odd number of strain gauges could achieve better performation of ripple compensation. Moreover, by using gain tuning method, measurement ripple caused by the mounting error of strain gauges was attenuated [10] . Pan proposed double compensations which reduced the first order ripple by individual channels, and then reduced the remaining ripple by weighted stacking the signals [11] . Sensinger combined both of spatially offset Wheatstone bridges and gain tuning techniques to achieve a better ripple reduction than either method alone [12] . However, due to the lack of dynamic strain analysis of the harmonic drive, the layout of strain gauges was determined empirically without optimization in these previous researches, which restricted the improvement of torque measurement accuracy. And the disturbance caused by uneven distribution of the load torque was not considered either, which was found to be quite large in our experiment.
In this paper, the disturbance in the build-in torque sensor for harmonic drive is analyzed, and a new on-line estimation method is presented to reduce measurement inaccuracy caused by rotation of wave generator, positioning error of strain gauges and uneven distribution of the load torque. And the dynamic strain of flexspline is obtained by finite element method, which is then utilized to optimize the layout of strain gauges in order to improve the torque sensing accuracy.
II. DESIGN OF THE BUILD-IN TORQUE SENSOR
The harmonic drive is composed of three components: a wave generator, a flexspline which is flexible and has teeth on its outer wall, and a circular spline which is rigid and has teeth on its internal wall. When the elliptical wave generator is placed in the cylindrical flexspline, the flexspline is elliptically shaped by the wave generator and engages with the circular spline at the ellipse's major axis. When the wave generator rotates, the flexspline is deformed and rotates relative to the fixed circular spline. As the number of teeth on the circular spline is several more than that on the flexspline, the flexspline turns a small angle while the wave generator rotates a circle.
The basic thought of the build-in torque sensor for harmonic drive is using the flexspline as the elastic component of torque sensor and calculating the output torque by measuring the flexspline's strain. However, the flexspline's deformation not only depends on the load torque, but also is significantly affected by the rotation of the wave generator and many other factors. As the influence of the wave generator is periodic, it could be eliminated by superposition.
As shown in Fig. 1 , the torque sensor system includes several strain gauges of which the resistances linearly depend on the strain, several Wheatstone bridges which convert the changing resistances into voltage signals, and a signal acquisition and processing system which calculates the torque signal from voltage signals.
A. Torque Measurement under Ideal Condition
In order to measure the flexspline's strain caused by the load torque, the right-angle strain rosette is used, in which two strain gauges are mounted 90° relative to each other as shown in Fig. 2 . When there exists strain on the strain rosette, the strain rosette deforms, which can be described as 
The changes of the two strain gauge's resistances (R 1 and
where k R denotes the strain gauge factor, and ΔR t denotes the temperature drift.
It can be seen from (3) that by employing the Wheatstone bridge shown in Fig. 1 , the temperature drift error ΔR t can be compensated, and the output voltage of the bridge can be obtained as
where k v is the bridge factor. Several strain rosettes are laid evenly along the tangent of the circle of rotation on the bottom of the cup-type flexspline so as to catch the torsional effect of load, as shown in Fig. 2 . It can be seen that parameters in (1) are influenced by the rotation of the wave generator and the load torque, and the deformation caused by the load torque is mainly reflected in k xy . For the mostly used double-wave harmonic drive, the number of teeth on the circular spline is two more than that on the flexspline. Thus the flexspline moves by two teeth relative to the circular spline for each 360° movement of the wave generator, resulting that the change period of the flexspline's deformation is about half-circle movement of the wave generator. So (k xy + k yx ) in (4) can be expressed by the linear superposition of sine waves and load torque, which gives the output voltage of the i th strain rosette as follows
where τ denotes the load torque, k τ denotes the coefficient of elasticity related to the position of the strain rosette, θ wfi denotes the angle between the wave generator and the i th strain rosette according to the polar coordinate system (ρ,θ), and θ k and b k denote the phase and amplitude of the k th sine component respectively.
When the number of strain rosettes is N, the angular distance between adjacent strain rosettes is 2π/N. So (5) can be rewritten as
where θ w denotes the rotation angle of the wave generator, and M denotes the gear ratio.
Using (6)- (7) to calculate the mean output voltage of N bridges gives 
where K=N when N is odd, and K=N/2 when N is even. v  describes the remaining error caused by the rotation of the wave generator after averaging. When N → +∞, v  → 0, thus the effect of the wave generator in the output signal V is compensated completely, and using the following equation can directly calculate the output torque of the harmonic drive:
However the number of strain rosettes is limited by the mounting demand, so there remains effect of the wave generator in the output signal. Moreover, as the deformation of the flexspline is not exactly linear with the load torque and also influenced by the rotation speed, it is necessary to minimize these effect by optimizing the mounting position for strain rosettes. And the optimization is presented later in section III.
B. Improved Torque Measurement for Actual Condition
Practically, the strain rosettes cannot be exactly placed on the desired position of the flexspline. Considering the mounting error, (7) should be corrected as
where β i and α i denote the angular error and the effect of radial error of the i th strain rosette respectively according to the polar coordinate system, with β 1 =0 and α 1 =1.
Meanwhile, in our experimental tests, it is shown that the load torque is not evenly distributed on the flexspline due to the lateral force of the load, which usually has a larger effect on strain rosettes than the load torque and cannot be neglected, thus (10) should be revised as
where ε i shows the extra strain on the i th strain rosette caused by uneven distribution of load torque, with the property that
By the tuning gain method proposed by Golder [10] , the disturbance shown in (10) can be compensated, but the inaccuracy caused by the uneven distribution of load torque as shown in (11) cannot be eliminate at the same time. In order to obtain the load torque, firstly (11) 
Since the rotation angle of the wave generator is unknown for torque measurement, 
The performance index of estimation is chosen as
where λ denotes the forgetting factor (0<λ≤1), t denotes the t th sample, and X denotes the estimation of X. The t th step estimation of X is obtained as
III. OPTIMIZATION DESIGN OF THE BUILD-IN TORQUE SENSOR

A. Analysis of the Flexspline's Dynamic Strain
In order to minimize the effect of the wave generator, achieve better linearity and improve the accuracy of the build-in torque sensor, the layout of strain rosettes should be optimized. The aforesaid theoretical analysis shows that the layout optimization requires the knowledge of flexspline's dynamic strain with load. As the engagement of the harmonic drive is quite complex, most mechanics theoretical analysis of the flexspline so far are under the approximation assumption that the flexspline is a shell without teeth, thus the result is not precise enough [13] . To get exact dynamic strain, the finite element method (FEM) is an effective way [14] .
Since there exists prestress in the assembled harmonic drive even without load, static analysis is needed to get the prestrain and prestress before using transient analysis to get the dynamic strain with load. Implicit-to-Explicit Sequential Solution is used in our research, with ANSYS for implicit solution of the static strain and LS-DYNA for explicit solution of the dynamic strain.
The solid model and finite element model of the harmonic drive simulated are shown in Fig. 3 . The diameter, height and number of teeth of the flexspline are 80 mm, 42 mm, and 160 respectively. The elastic modulus and the Poisson ratio of the flexspline's material are 204 GPa and 0.29 respectively. The circular spline has 2 more teeth than the flexspline. As the stiffness of the wave generator and the circular spline is much higher than the stiffness of the flexspline, it is a rational simplifying assumption that the wave generator and the circular spline are rigid and have no deformation. Thus they can be drawn very thin to reduce the number of elements.
By FEM implicit solving, the static strain of the flexspline shaped by the elliptical wave generator without load can be obtained, as shown in Fig. 4a ). Then by FEM explicit solving with the static strain as its prestrain, the dynamic strain of the flexspline with load can be obtained, as shown in Fig. 4b ). 
B. Optimization Design of the Layout of Strain Rosettes
From (8)- (9) it can be seen that the performance index σ can be designed as follows
where n is the sample length,   Vt is calculated by (1), (4) and (8) with the FEM analysis result of the flexspline's dynamic strain, and k est is the coefficient estimated by least square method as
To test the dynamic error of the torque sensor with different layout, FEM analysis of the harmonic drive is done with the velocity of the wave generator set as 100 rad/s, and the load torque of the harmonic drive changes from 0 to 50 Nm according to the load capacity of the harmonic drive. Set the number and the length of strain rosettes as N = 90, L = 2.1 mm according to the actual strain rosettes, then k est and σ are calculated with different position ρ as shown in Fig. 5 . It can be seen that σ and k est fluctuate as ρ changes, but overall σ grows as ρ rises, and its two local minima appear around the middle value of ρ. The influence of rotation speed is also researched by setting the velocity of the wave generator as a sinusoidal curve. Under this condition, σ is calculated with different position ρ as shown in Fig. 6 . It can be seen that σ has an increasing trend as ρ rises. The result is because the influence of the load torque on the flexspline's deformation increases as it is close to the output flange, while the influence of the wave generator increases as it is far away from the output flange. Moreover, the stress may be uneven on the bottom of the flexspline due to its cup type, which also increases the measurement error.
According to Fig. 5 and Fig. 6 , we choose ρ = 30.5 mm as the best layout of strain rosettes and the corresponding measurement is shown in Fig. 7 . It can be seen that the measurement errors are below 2 Nm, which shows the effectivity of the torque sensor. The experimental platform is shown in Fig. 8 , in which a high-precision torque sensor is used as the standard to calibrate the proposed build-in torque sensor, and a magnetic particle brake is used to apply load torque.
IV. EXPERIMENT
The number of strain rosettes is set as N = 10 to balance the desire of high precision and simple mounting. Before the torque measurement experiment, we should calibrate the torque sensor. Firstly let the harmonic drive rotate at a constant speed without load and measure the output voltage of the torque sensor. Then parameters (17), which are subsequently used to obtain the torque measurements by (13) . Experimental result is shown as Fig. 9 , in which the solid line shows the standard measurements while the dotted line shows the measurements of the build-in torque sensor. The root-mean-square error is 0.7 Nm, which is 0.7% of the measure range ±50 Nm (which depends on the load range of the harmonic drive). It can be seen that the proposed method effectively eliminates the fluctuation of deformation, resulting in reduction of measurement error.
V. CONCLUSION
With analysis of the torsional deformation of harmonic drive, a new build-in torque sensing technique is proposed, which eliminates the disturbance of multiple sources by Wheatstone bridge and on-line torque estimation based on forgetting-factor recursive least square method. Meanwhile, the layout of strain rosettes is optimized based on dynamic strain analysis of the flexspline calculated by finite element method. Experiment shows that the proposed method effectively reduces the measurement error to 0.7 Nm, and achieves compact, light-weight, high-stiffness and accurate torque sensing for harmonic drive.
